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ABSTRACT

During the Three Mile Island Unit 2 (TMI-2) accident, one of the major
heat removal mechanisms was steaming from the two Once Through Steam
Generators (0USTts). As a result, accurate knowledge of the secondary side
conditions is necessary for understanding of the accident and for use as
boundary conditions in the analysis of the accident using reactor system
thermal-hydraulic analysis codes. Uuring the accident secondary side
pressures and levels were recorded on a measurement system, called the
reactimeter, at a sample rate of once per 3 seconds. There were two
overlapping levels recorded for each steam generator; the operating level
in percentage, and the start-up level in inches. Unfortunately these
levels are not directly comparable since the operating level was measured
in the downcomer and was compensated for changing liquid densities, and the
start-up level was measured in the riser section and was setup for
measurement of cold liquid. These two measurements have been converted
into a common basis of the stratified level measured from the bottom tube
sheet, and the converted measurements compare within their relative
uncertainties following the feedwater pump trip. It has been determined
that the measurements were fully operational and have been assigned a data
qualification category of qualified by the Data Integrity Review
Committee. An uncertainty analysis of the measurements resulted in
uncertainties of +23 cm for the converted operating level, and +17 cm
for the converted start-up level. Since these two levels have overlapping
ranges it was possible to combine the measurements to obtain a best
estimate composite secondary level. This level is grapnically presented in
the report.
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iM1-2 ONCE THRUUGH STEAM GENERATOR
SECUNUARY LEVEL ANALYSIS

1. INTROUUCTION

Un March c8, 1979 a reactor accirdent occurred at the Babcock & Wilcox
(B&w) adesigned Three Mile Island Unit 2 (TMI-2) nuclear power plant. This
accirdent was initiated by a trip ot the pumps supplying main feedwater to
the Unce Through Steam wenerators (UTSGs). The subsequent failure to
provide adequate decay heat removal capability ultimately resulted in
severe damage to the nuclear core. Understanding of the accident
thermal-hydraulics and fuel behavior is one of the primary responsibilities
of the TM] Accident tvaluation Program (AEP), which is managed by EG&G
ldaho. Uecause the steam generators were two of the main heat removal
mechanisms during major portions of the accident, an estimate of the
secondary side conditions is necessary for understanding of the accident
and for use as a boundary condition in the analysis of the accident using
reactor system thermal-hydraulic analysis codes, such as RELAPS. Although
there were multiple level measurements in the secondary side, in addition
to tenperature and pressure measurements, previous comparisons of the
levels have not resulted in close agreement. As a result, the AEP
conducted a study of the steam generator secondary conditiuns to obtdain an
estimate of steam generator water levels for use as boundary conditions in
the international stancard problem effort. This report documents the level
analysis results of the steam generator study.

1.1 OUverview

Vuring the TMI-2 accident, the secondary sides of the 0TSus boiled dry
in the first 1 1/2 minutes, as a result of the feedwater pump trip and the
inadvertent closure of the auxiliary feedwater block valves. tven though
the auxiliary feedwater injection began 8 minutes into the accident, the
steam generator levels did not begin increasing until about 25 minutes.
Once the levels began to be reestablished, accurate knowledge of the actual



levels is required as a boundary condition for the standard problem
analysis.a This report discusses the secondary liquid level measurement
systems, and presents the best estimate of the liquid level history.

a. In a standard thermal-hydraulic code analysis the liquid level woula be
a computed parameter, given feedwater flow rates and secondary pressures.
However, tne auxiliary feedwater flow rates were not recorded. Therefore,
use of the secondary liquid levels as a boundary condition is required for
calculation of the feedwater flow rates.



2. MEASUREMENT UESCRIPTION

In each of the OTSus at TMI-2 there were three different ranges and
types of level measurements for the secondary level. These levels are
shown 1n Figure |, along with the locations of other pertinent measurements
and steam generator components. All three measurements were based upon the
hyarostatic pressure head due to the changing level in the secundary siae.
A Baivley differential pressure transmitter was used in each of the
measurement ranges for measurement of the difference between the
hyarostatic head in a “reference leg," external to the steam generator, and
the hydrostatic head of the level to be measured. tach measurement usea a
different transmitter range.

Tne measurement used during normal full power operation was referred
to as the operating level. This measurement (identification of SP-1A-LT2
for the A-loop 0TSu) provided percentage readings (0-100% which corresponds
to a level of 259-1001 cm above the tube sheet) of the level in the
downcomer section of the 0TS6. A Bailey differential transmitter,
calibrated for a +10 to -10 volt output under a 3-744 cm (1.4-292.9 inch)
input, was used for the operating level measurement. The fluid temperature
measured in the bottom of the downcomer (SP-3A-TE) was used to provide
compensation of the level due to changing liquid density as secondary
conditions changed. The operating level was plumbed into the system with
the tup tap (corresponding to the top of the reference ley) entering the
riser section of the secondary side Just above the aspirator section intu
the downcomer. The bottom tap entered the downcomer sectiun just above the
agjustable orifice in the bottom of the downcomer. This orifice was used
to agjust the liquia level in the downcomer during normal full power
operation. No data on the pressure drop (or resistance) across the orifice
are avarlable. However, the orifice loss coefficient is caiculated in
Section 3.4.2 based upon analysis of the level measurements. Uuring normal
operation the operating level measurement is not directly comparable to the
other measurements, due to the pressure drop across the adjustable orifice
in the bottom of the downcomer and the temperature compensation performed
on the operating level. A block diagram of the measurement system is Shown
in Fi ure 2 for the operating level measurement. There were two redundant
operating level measurements (SP-1A-LT2 and SP-1A-LT3), with the
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temperature compensation being performed in the nonnuclear instrumentation
analog circuitry for each measurement. The output from SP-1A-LT2 was
recorded on the reactimeter at a sample rate of 1 sample per 3 seconds .
The measurement transmitted to the plant computer could have been either
LT2 or LT3 (a manual switch, the position of which was not recorded,
determined which measurement went to the plant computer).

During plant start-up, the level measurement referred to as the
start-up range (SP-1A-LT4) was used as an indication of the secondary
level, with a range of 15-650 cm (6-256 inches) above the bottom tube sheet
in the riser section. This measurement shared a common upper tap into the
riser section with the operating level measurement; the lower tap entered
the secondary side riser section 15 cm above the tube sheet, just below the
downcomer section. The Bailey differential pressure transmitter was
calibrated for a +10 to -10 volt output under a 347-982 cm (136.6-386.6
inch) input. A block diagram of the start-up level is shown in Figure 3.
There were two redundant start-up level measurements in each 0TSG
(SP-1A-LT4 and SP-1A-LT5 for the A-loop 0TSG), of which SP-1A-LT4 was
recorded on the reactimeter. Une of these measurements was recorded on the
plant computer, through the use of a manual switch, the position of which
was not recorded. The start-up range was not temperature compensated.

The third level measurement (SP-1A-LT1) was referred to as the full
range level. This measurement was mainly intended for indication of
secondary level during wet lay up of the steam generator during reactor
shutdown. The full range level measurement shared a common bottom tap with
the start-up level measurement, and provided a measurement range of
15-1539 cm (6-606 inches) above the bottom tube sheet. The top tap entered
through the upper tube sheet (flush with the inner surface) above the steam
outlet region. This level was intended for cold conditions, and thus was
not compensated for density changes. The Bailey transmitter was calibrated
for a +10 to -10 volt output under an input load of 160-1629 cm (63.1-641.2
inch). A block diagram of the full range level is shown in Figure 4, which
shows that this measurement was only recorded on the plant computer.
Recording of this measurement only occurred on the utility printer as part
of the hourly logs.
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SP-1A-Te

(SP-18-LT4)
a"EY Potchtoor d
e, | =10 voc | N 80 (82) Reoctimeter
Tronarmitter 3-3-4-9/10 17 (24)
0-2%0 Inch (3-3—4-13/14)
S 1BLT8) 1
1
Boley ot
Type BY Morud Resistonce 100 MV Pt No.
ferentid | «10 voc’ Switch ‘ «10 VOC Crout - 2 (3
Tra"nm‘c 9-:?;—‘2‘?2 85 1-9—6~-3/4
0-250 inch & ) (8-5-7) (B-7-1-3/4)
Reference: Baiey
Dwg 80384950

« tems © porentheses ore for the B—ioop OTSG

Measurement block diagram of steam generator start-up levels
SP-1A-LT4/LTS (SP-16-LT4/LTS).




SP—1A—-LT1
(SP=1B—LT1)

Bailey
Steamn Type BY

Generator Differentia >

Pressure
A B Transmitter =10 VoC
. 0—-600 inch

» ltems in parentheses are for the B—loop OTSG

Cormputer
Irput
Pt. No.
4 (M

1-9-6-5/6
(1—9—6-7/8)

Corrputer
Input
Pt. No.
4 (5)
1-9-6-5/6
(1—9-6-7/8)

Reference: Bailey

Dwg 80384960

Figure 4. Measurement block diagram of steam generator full range level

SP-1A-LT1 (SP-1B-LT1).




3. MEASUREMENT ANALYSIS

The primary purpose of this study is to obtain the tiune history of the
secondary liquid levels, which requires converting all three measurements
to a common basis for comparison. The full range level and start-up levels
should be directly comparable during normal full power operation. However,
the values prior to the feedwater pump trip are very different (SP-1A-LTI| =
653 cm as compared to SP-1A-LT4 = 406 cm). This discrepancy is apparently
due to the installation configuration of the top tap of the full range
level. This tap is mounted vertically, with the penetration through the
upper tube sheet and pointing down at the top of the steam downcomer
section. Tnis configuration could act as a reverse pitot tube, lowering
the pressure on the reference leg side of the differential pressure
transmitter due to the high steam velocities moving downward. As a result,
tne full range level would read low whenever the steam generator was
steaming. Therefore, the full range level needs to be used with caution,

and will not be used as a primary data source to obtain the secondary
level.

Tne problem with comparing the start-up and operating levels is
twofold. First, the pressure drop across the orifice is unknown during
feedwater flow. Prior to the pump trip, the level in the downcomer section
was considerably higher than in the riser section, due to this pressure
drop. However, once tnhe feedwater pump tripped the two levels should have
equalized within a reasonably short time frame (definitely by the time the
075Gs had boiled dry), and the levels should be comparable; at least once
the secondary level increased to the bottom tap of the operating level at
259 cm. The second problem with direct comparison of the levels is the
temperature compensation of the operating level to compensate for changing
liquia density as secondary pressures and temperatures change. This
compensation is performed using a number of analog components, as shown in
Figure 2. Study of the manuals for these modules (tne Static Function
uenerator] and the Static Multipllerz, in conjunction with the

calipration voltages3 used during setup of these units, reveals that the



temperature compensation resulted in the collapsed liquid level.? In
other words, the hydrostatic head due to the combined effects of the steam
and liquid columns was considered to be solely due to a liquid column of
the measured height. The setup of the electronics appears to have been
performed properly. Therefore, it was assumed that the collapsed liquid
level was properly calculated and the stratified 1iquid level will be
calculated from the recorded measurement (the stratified level is the
actual level of the liquid interface with the steam space above the
interface). The electronics setup and electronic calibration coefficients

are factored into the uncertainty analysis.

3.1 Conversion of the Operating Level

For comparison of the various level measurements in each steam
generator, each of the measurements must be converted to a common basis.
The common basis chosen was the stratified liquid levelb measured from
the bottom tube sheet. The minimum measurement level for the operating
level is 259 cm (102 inches). The minimum measurement level for the
start-up and full range levels is 15.2 cm (6 inches).

Since the operating level was temperature compensated to provide a
collapsed liquid level,© the only conversion required is to convert to
the stratified level, and add the offset from the bottom tube sheet

(259 cm). This results in a conversion equation for the interface level in

the downcomer, LU-op’ of:

a. Note that the temperature compensation performed on the pressurizer
level resulted in the interface liquid level, not the collapsed liquid
level. The difference being how the steam head was handled.

b. Thjs ]evel'is the height of the steam/liquid interface assuming no
voids in the liquid, with a blanket of steam above the 1iquid interface.

c. The collapsed liquid level is the height of the liquid which would
result if all of the steam mass was condensed and combined with the liquid.

10



Lo, =H e
Lu-op = 0¥ °P 9 ., Z¢5%Y cm (h

where the collapsed liquid level 1n the downcomer, LU' is obtained froum
the recorded operating level in percentage, SP-1A-LT2, from

Ly = SP-1A-LT2/100 * H (2)
and where

Hop = the operating level span in cm (= 742 cm)

Ofs ’g = the liquid and steam densities, respectively (kg/m3).

tquation (1) results in the interface level in the downcomer measured
from the bottom tube sheet. Following the feedwater pump trip, this level
should be the same as the level in the riser section of the steam generator
secondary. However, prior to the feedwater pump trip, conversion to the
level in the riser section, LR-op’ must account for the pressure drop
across the auwncomer orifice. The downcomer and riser levels are relatea

by,
VP + P .

k-op = Lu-op . or- Fiser (3)
Of Dg g

where

OPor = the differential pressure across the downcomer orifice
(Pa or kg/m-sz) .
Priser = the differential pressure across the riser section

between the bottom of the downcomer and the aspirator
elevation (Pa)

g = the gravitational acceleration (=9.8 m/sz).

1



The above analysis assumes that the pressure in the top of the
downcomer section is the same as in the riser section at the same
elevation. The only mechanism available to create a difference would be a
pressure drop across the aspirator, or feedwater heating, section.
Analysis documented in Appendix A (assuming thermodynamic equilibrium to
calculate the steam flow rate into the downcomer) calculates a 4 cm
pressure drop (at 560 K or 0.04 psid) across the aspirator section.

Therefore, the above assumption should be valid.

3.2 Conversion of Start-up Levels

The start-up level measurements provide a measurement of the cold
liquid level in the riser section of the OTSG secondary. The differential
pressure transmitter is under ranged for the level span between the bottom
and top sense line taps. In other words, the transmitter was ranged for a
maximum level of 635 cm (250 inches) whereas the distance between taps is
986 cm (388 inches). Essentially the recorded start-up level is the full
range (635 cm) minus the measured differential pressure in cm of cold

water. The interface level in the riser section, L —su’ can be obtained

R
from the recorded start-up level, Lsu, as;
= beype mHelee -0 -
. sy P su ( c r Agl ¢ 15.2 (4)
3 )
e - %9
where
Pe = the density of cold water (= 998.6 kg/m3 @ 293K)
o = the density of reference leg water (= 990.3 kg/m3
@ 325K)
HSu = the distance between taps (= 985.5 cm).

The level resulting from Equation (4) is directly comparable to the
operating level resulting from Equation (1), using the operating level
following the feedwater pump trip. Results from these two equations, using
the data recorded on the reactimeter, will be compared in Section 3.4 of
this report.

12



3.3 Conversion ot the Full Range Level

Tne single full range level measurement in each 0TSu was only recorded
during the accident at hourly intervals on the utility printer. Therefore,
it is limited in usefulness in verifying other measurements. In addition,
this measurement apparently gave erroneous measurements during periods of
steam flow out of the OTSu. However, the few values available can extend
the level range above the upper measurement range of the operating level
measurement, and these values will be converted into the common level basis
previously discussed. This is accomplished using the following conversion
equation.

- L, *o_=~H_ *fo *to_ -0
“hefs fs ¢ LE- ( 1 A [l + 15.2 (5)
Qf - Og

where

Lr-ts = the 1nterface level 1n the riser section from the full

range level (cm)

Lfg = the cold full range level, SP-1A-LT1 (cm)

Hfs = the distance between taps (= 1,468 cm).

3.4 Comparison and Composite Best Estimate Levels

The results from converting the recorded operating level and start-up
level for the A-loop OTSG are compared in Figure 5 for the first
1000 minutes of the accident. Tne results from Equation (5) for the hourly
full range levels are also shown in Figure 5. Generally there is very good
agreement between tne operating and start-up levels during periods of
overlapping range. Notice the difference prior to the feedwater pump trip
(at time 0). This difference reflects tne difference in levels between tne
downcumer level and the riser level. Knowledge of this level difference
and the feedwater flow rate allows calculation of the loss coefticient
across the downcomer orifice. This will be discussed further in

13
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Section 3.4.2. Between 100 and 370 minutes, when both the operating and
start-up levels are within range, the comparison 1s very guod for all three
level measurements. After 370 minutes the secondary level had increased
above the range of the start-up level transmitter, and remained there
during the rest of the first day of the accident. Uuring the period of
100-370 minutes, comparison of the operating and full range levels is
reasonably good, although the full range level tends to result in higher
levels after 600 minutes. This is probably due to the effect of steaming,
as previously discussed, and as is demonstrated prior to the feedwater pump
trip. At 850 minutes the secondary level increased above the upper tap of
the operating level, and this measurement was saturated until about

930 minutes when it returned on scale. OUuring this period (at 900 minutes)
there was a single full range level measurement recorded on the utility
printer. This measurement indicated a 500 cm level increase from when the
operating level saturated. Note that the next available full range
measurement (at 960 minutes) was nearly 150 cm higher than the operating
level measurement which had returned on scale.

The three level measurements recorded for the B-loop 0TSG are compared
in Figure 6. Again the comparison is very good during the periods of
overlapping range. The same type of difference in downcomer and riser
levels prior to the feedwater pump trip is observed for the B-loop OTSG as
was observed for the A-loop. The discrepancy between the operating and
start-up levels between 70-100 minutes was a result of the level
fluctuating about the minimum operating level, and being set to zero when
below the minimum lcvel measurement. At about 700 minutes the start-up
level transmitter saturated (tne drop in start-up level at this time is due
to the level at which the calculation defaulted). In general the full
range level followed the other two levels, with most of the full range data
points being lower than the operating level.

The best estimate composite levels for both OTSGs are compared in
Figure 7 for the first 300 minutes, and in Figure 8 for the first
1000 minutes. The level chosen prior to the pump trip was the riser level
from the start-up level. The criteria for creating the composite level was
to use the start-up level for levels less than 550 cm, and the operating

15
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3

level for levels greater than 550 cm. No adjustment was made in the A-loop
level during the period when the operating level was saturated.

3.4.1 Initial Conditions for Standard Problem

In order to perform thermal-hydraulic code calculations of the accident
the initial plant conditions prior to the feedwater pump trip are required.
The initial conditions for the secondary sides of the two OTSGs are
tabulated in Table 1 for the three analysis segments of the standard
problem (0, 100, and 174 minutes).

3.4.2. Downcomer Orifice Loss Coefficient

In order to properly model the secondary side of the 0T>Sus, knowledge
of the flow area and loss coefficient of the downcomer orifice is required.
The downcomer orifice consists of two concentric plates, eacn witn 24
rectangular holes of 10 x 21.6 cm (4 x 8 1/2 inch) dimensions. The upper
plate is movable relative to the lower plate, thus the orifice flow area is
adjustable. The purpose of this adjustment is to allow adjustment of the
pressure drop across the orifice, and thus the downcomer level, to increase
system stability at full power operation. The adjusted position existing
at the time of the accident is unknown. However, the orifice position was
initially set during fabrication to an opening size of 10 x 10.8 cm
(4 x 4 1/4 inch) (see Reference 4). In this analysis, this opening size
will be used to calculate the flow area, and a loss coefficient calculated
based upon this flow area (Aor = 2,632 cmz) and the measured parameters.
The methodology uses the difference in the initial downcomer and riser
levels as the differential pressure across the orifice, and combining

with the total orifice mass flow rate, aor’ calculated from the feeawater

tlow rate and temperature and a thermodynamic balance assuming saturateu
steam flowing through the aspirator. The ﬁor calculations are
documented in Appendix A. The loss coefficient, K, is defined by:

.<=2'°f.up
: 7

mOF/AOF

or (6)
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TABLE 1. O0TSG SECONDARY INITIAL CONDITIONS FOR STANUARD PRUBLEM

Time
Parameter (min.) A-Loup b-Loop
Pressure (MPa) Ve 6.38 £ V.11 (0=.01%) 6.24 £ V.11 (0=.0i1)
10V 5.96 t 0.11 1.27 ¢ 0.11
174 2.58 t U.11 1.07 £ 0.1
Level - Riser (cm) 0 525.8 = 9P (0=1.79)  538.3 * 9 (0=2.09)
10v 0t 17 300 ¢ 17
174 765 t 23 655 t ¢3
Level-Uowncomer (cm) 0 660.0 t 12 (0=1.95) 668.7 t 12 (0=¢.0¢)
Main Feedwater 0 722.4 + 13.4 (0=4.5) 717.6 ¢ 13.4 (0=4.0)
Flow Rate (kg/s)
Main Feedwater 0 513 ¢ 1 (0=.05) 513 ¢ 1
Temperature (K)
txhaust Steam 0 586 £ 1.2 586 + 1.2
Temperature (K)
Auxiliary Feedwater 0 0 0
Flow Rate (kg/s)c 100 19.8 0
174 6.6 8.2d

3. o 15 the standard deviation of the initial condition data from -10

b. Uncertainties for parameter prior to feedwater pump trip are based on a

reactor building temperature of 325 K (125°F) rather than the maximum
temperature of 353 K (175°F) used in the rest of the uncertainty analysis.

c. Tne auxiliary feedwater flow rate was not recorded, and estimates of the
flow rate are from the analysis documented in Reference 5. An uncertainty
analysis 1s currently unavailable.

d. OStarting at 175.3 minutes.
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' ifice, DP_, is obtained
where the differential pressure across the orifice, 0 5F
.d
from the initial levels by:

(7)
Por =og* 9 - (Lu-op i

The loss coefficients resulting from this analysis are:

Ky 1.483

-~
1]

1.485.

a. This analysis assumes tnat the fric
section below the aspirator entrance, 0

20
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4. UNCERTAINTY ANALYSIS

The liquid level measurement system for the OTSGs has been previously
described. The usefulness of data is a direct function of how accurate
the data are and how well that accuracy (or inversely the uncertainty) is
known. The uncertainty in the calculated level is a function of a number
of possible error suurces. In this section, potential error sources will be
evaluated and combined to obtain the total estimate of the uncertainty in
the calculated level. The method used for combining individual
uncertainties for the liquid levels is the root-sum-square (RSS) method.
All quoted uncertainties are at the 95% confidence level. Reference 6 is
the agocument which forms the basis for uncertainty analysis in the TM[-2
AtP. The methodology was developed from References 7 and 8.

Possible error sources which needed to be evaluated included the
following:

. Possible errors in the differential pressure measurement
introduced by the Bailey differential pressure transmitter.
These include basic transmitter accuracy, amplifier adjustment,
pressure sensitivity, and environmental effects (predominately
temperature).

2. Possible errors introduced in the level calculation circuity from
the electronic setup and assumptions used, and errors introduced
from the temperature measurement in the steam generator downcomer
for the operating range.

3. Possible errors introduced in the recording system, in this case
the reactimeter.

4. Possible errors introduced in the conversion to stratified level
referenced from the bottom tube sheet.
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Sources of information for evaluation of uncertainty components are the
Bailey transmitter instruction manualg, the Bailey Elevated environment
qualification reportlo, and the Surveillance Procedure - Steam Generator

Water Level.]]

Each of the aforementioned potential error sources are listed in
Tables 2, 3, and 4 and estimates of the resulting uncertainty are given for
each of the secondary level measurements. Since statistically valid test
data does not exist, all estimates are given as bias rather than precision
components. The uncertainty estimates for the operating level are
summarized in Table 2, with a resulting uncertainty of *23 cm. The
uncertainty estimates for the converted start-up level are summarized in
Table 3, with a resulting uncertainty of *17 cm. The uncertainty
estimates for the converted full range level are summarized in Table 4,
with a resulting uncertainty of £37 cm.
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TABLE 2.

UNCERTAINTY ANALYSIS - SECONDARY OPERATING LEVEL

Uncertainty Component

vifferential Pressure Transmitter
(Bailey Type BY)
Accurac
Electronic Setup (tolerance)€
Temperature Sensitivityd
Pressure Sensitivity®
Stability (long term drift)’

lemperature Compensation Circuitry
Static Function Generator (tolerance)9
Input Temperature Signalh i
Static Multiplier (tolerance)’
Reference Ley DensityJ
Reference Leg Level (£10 cm)k
Kecording on Reactimeter!
TUTAL BASE UNCERTAINTY

Conversion to Interface Level
Distance between Taps™
Secondary Phase Densities"

TOTAL UNCERTAINTY

b.

c.

Uncertainty Estimate

a
(bias)

2.0 % ES
1.4 % FS
0.11% FS
2.95% FS
0.1 % FS
0.75% FS

3.05% FS
(23 cm)

The uncertainty estimates given were obtained from various sources,
which are listed in the following footnotes.
given for the 95% confidence level, and are all considered to be bias
estimates due to the total lack of any statistically significant data.
Estimates are given in terms of percent of full scale (FS5), with F5=742 cm
.sed.

The uncertainty estimates are

The source of uncertainties in the transmitter (accuracy) is the Bailey
transmitter manual (see Reference 9).

The tolerance in electronic setup of the transmitter amplifier is given
on the instrument calibration data sheet.
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TABLE 2. (continued)

d. This estimate is based upon the stated temperature effects within the
operational range of -20 - 160°F, of 0.01% FS/°F (see Reference Y). The
maximum reported (see Reference 10) error for e}evated temperatures
(270°F), under postulated accident conditions, is 5% observed ;Ero offset.
Since the maximum observed reactor building temperature was 175°F, the 5%
value is probably much too large, therefore a value of the stated
temperature effect within the operational range is used [1.1% FS = (.01%
FS/°F =+ (175-68°F))].

e. The pressure sensitivity is calculated usiqg the value given in
Reference 9 as, (1.05 x 10°% % FS/psi * 910 psi) = 0.1% FS.

f. Drift is based upon 0.15%/3 months given in Reference 9 with a 5 month
period since the last instrument calibration.

g. No data sheet could be found for the setup of the static function
generator, therefore an assumed tolerance of 0.5% FS is used.

h. The temperature signal input to the static function generator was from
SP-3A-TT1, the downcomer temperature. Stated tolerance (see Reference 11,
data sheet 13) is £6°F input to the computer. This uncertainty results

in an uncertainty in the density correction as a function of temperature
(and thus reading). The stated value is used as a percent of full scale
for conservatism.

i. Stated tolerance for the electronic setup of the static multiplier is
from Reference 11, data sheet 17.

J. Assumed reference leg temperature is 1U5°F (see Reference 3,

Figure SP1). Maximum recorded reactor building temperature was 175°F.
Assuming this temperature was the actual reference leg temperature during
portions of the accident, and a secondary pressure of 900 psia, results in
the tabulated uncertainty of 2% FS.

k. An uncertainty component for uncertainty in the liquid level in the
reference leg of the differential pressure sense line of %10 cm is
included. This is based upon engineering judgment of possible voiding in
the reference leg during depressurization.

1. The uncertainties associated with recording on the reactimeter are
assumed to be the same as for recording on the plant computer. No
uncertainty information on the reactimeter is available. This includes
manuals, drawings, model. number, and serial number of the unit installed by
B&W during the accident. The uncertainty estimate for the plant computer
is based upon Reference 12.

m. An uncertainty in knowledge of the distance between sense line taps of
1 cm is assumed.
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TABLE 2. (continued)

n. The secondary phase densities used in Equation (1) were obtained from
the steam tables using the measured secondary pressure and assuming
saturation conditions. From Reference 13, the uncertainty in the pressure
measurement is 20.11 MPa which results in an uncertainty in the phase
density difference of 0.75% at a pressure of | MPa. This value is used as
a percent of full scale for conservatism.
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TABLE 3. UNCERTAINTY ANALYSIS - SECONDARY START-UP LEVEL

Uncertainty Estimate

a
Uncertainty Component (bias)
Differential Pressure Transmitter
(Bailey Type BY)
Accurac 0.5 % FS
Electronic Setup (tolerance)c 0.25% FS
Temperature Sensitivity 1.1 % FS
Pressure Sensitivity® ¢ 0.1 % FS
Stability (long term drift) 0.25% FS
Recording on Reactimeter9 0.11% FS
TOTAL BASE UNCERTAINTY 1.26% FS
Conversion to Interface Level [Equation (4)]
Reference Leg Densit . 1.6 % FS
Reference Leg Level (%10 cm)? 1.6 % FS
Distance between TapsJd 0.1 % FS
Secondary Phase Densitiesk 0.75% FS
TUTAL UNCERTAINTY 2.70 % FS
(£17 cm)

a. The uncertainty estimates given were obtained from various sources,
which are listed in the following footnotes. The uncertainty estimates are
given for the 95% confidence level, and are all considered to be bias
estimates aue to the total lack of any statistically significant data.
Estimates are given in terms of percent of transmitter full scale (FS),
with FS=635 cm used.

b. The source of uncertainties in the transmitter (accuracy) is the Bailey
transmitter manual (see Reference 9).

c. The tolerance in electronic setup of the transmitter amplifier is given
on the instrument calibration data sheet.

d. This estimate is based upon the stated temperature effects within the
operational range of -20 - 160°F, of 0.01% FS/°F (see Reference 9). The
maximum reported (see Reference 10) error for elevated temperatures
(270°F), under postulated accident conditions, is 5% observed zero offset.
Since the maximum observed reactor building temperature was 175°F, the 5%
value is probably much too large, therefore a value of the stated
temperature effect within the operational range is used [1.1% FS =

(.01% FS/°F « (175-68°F))].
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TABLL 3. (continued)

e. The pressure sensitivit‘ is calculated using the value given in
Reference 9 as, (1.05 x 10°% X FS/psi * 910 psi) = 0.1% FS.

f. Uraft is based upon 0.15%/3 months given in Reference 9, with a 5 month
period since the last instrument calibration.

g. The uncertainties associated with recording on the reactimeter are
assumed to be the same as for recording on the plant computer. No
uncertainty information on the reactimeter is available. This includes
manuals, drawings, mode! number, and serial number of the unit installed by
B&W during the accident. The uncertainty estimate for the plant computer
is based upon Reference 12.

h. Assumed reference leg temperature is 125°F for Equation (4). Maximum
recorded reactor building temperature was 175°F. Assuming this temperature
was the actual reference leg temperature during portions of the accident,
and a secondary pressure of 900 psia, results in the tabulated uncertainty.

i. An uncertainty component for uncertainty in the liquid level in the
reference leg of the differential pressure sense line of t10 cm is
included. This is based upon engineering judgment of possible voiding in
the reference leg during depressurization.

J. An uncertainty in knowledge of the distance between sense line taps of
1 cm is assumed.

k. The secondary phase densities used in Equation (4) were obtained from
the steam tables using the measured secondary pressure and assuming
saturation conditions. From Reference 13, the uncertainty in the pressure
measurement is :0.11 MPa which results in an uncertainty in the phase
density difference of 0.75% at a pressure of 1 MPa. This value is used as
a percent of full scale for conservatism.
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TABLE 4. UNCERTAINTY ANALYSIS - SECONDARY FULL RANGE LEVEL

Uncertainty Estimate

a
Uncertainty Component (bias)

UVifferential Pressure Transmitter
(Bailey Type BY)

Accurac 0.5 % F5
Electronic Setup (tolerance)® 1.03% FS
Temperature Sensitivity 1.1 % FS
Pressure Sensitivity® ¢ 0.1 ¥ FS
Stability (long term drift) 0.25% FS
Recording on Plant Computer9 0.11% FS
TOTAL BASE UNCERTAINTY 1.61% FS
Conversion to Interface Level [Equation (4)]
Reference Leg Density ) 1.6 % FS
Reference Leg Level (£10 cm)! 0.7 % FS
Distance between TapsJ 0.1 £ FS
Secondary Phase DensitiesK 0.75% FS
TOTAL UNCERTAINTY 2.49 % FS
(237 cm)

a. The uncertainty estimates given were obtained from various sources,
which are listed in the following footnotes. The uncertainty estimates are
given for the 95% confidence level, and are all considered to be bias
estimates due to the total lack of any statistically significant data.
Estimates are given in terms of percent of transmitter full scale (FS)
range span, with FS=1468 cm used.

D. The source of uncertainties in the transmitter (accuracy) is the Bailey
transmitter manual (see Reference 9).

C. The tolerance in electronic setup of the transmitter amplifier is given
on the instrument calibration data sheet.

d. This estimate is based upon the stated temperature effects within the
operational range of -20 - 160°F, of 0.01% FS/°F (see Reference 9). The
maximum reported (see Reference 10) error for elevated temperatures
(270°F), under postulated accident conditions, is 5% observed zero offset.
Since the maximum observed reactor building temperature was 175°F, the 5%
value is probably much too large, therefore a value of the stated
temperature effect within the operational range is used [1.1% FS = (.01%
FS/°F « (175-68°F))].
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TadLt 4. (continued)

e. The pressure sensitivitl is calculated using the value given in
Reference 9 as, (1.05 x 107 % FS/psi * 910 psi) = 0.1% FS.

f. Orift is based upon 0.15%/3 months given in Reference 9, with a 5 month
period since the last instrument calibration.

g. The uncertainty estimate for the plant computer is based upon
Reference 12.

h. Assumed reference leg temperature is 125°F in Equation (5). Maximum
recorded reactor building temperature was 175°F. Assuming this temperature
was the actual reference leg temperature during portions of the accident,
and a secondary pressure of 900 psia, results in the tabulated uncertainty.

i. An uncertainty component for uncertainty in the liquid level in the
reference leg of the differential pressure sense line of 10 cm is
included. This is based upon engineering judgment of possible voiding in
the reference leg during depressurization.

J. An uncertainty n knowledge of the distance between sense line taps of
| cm is assumed.

k. The secondary pnase densities used in Equation (5) were obtainea from
the steam tables using the measured secondary pressure and assuming
saturation conditions. From Reference 13, the uncertainty in the pressure
measurement 1s :0.11 MPa which results in an uncertainty in the phase
density difference of 0.75% at a pressure of 1 MPa. This value is used as
a percent of full scale for conservatism.
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5. CONCLUSIONS

The OTSG secondary level measurement systems have been described. The
levels recorded on the reactimeter have been converted into a common
measurement basis, which allows for direct comparison between the operating
and start-up level measurements. Uncertainty analyses for these
measurements have been presented, and the measurements have been assigned
data qualification categories of "Qualified." The two overlapping level
measurements in each 0TSG have been combined to obtain best estimates of
the secondary levels. These composite levels have uncertainties of
t17 cm for the range of 15-550 cm, and *23 cm for the range of
550-1047 cm. These composite levels are the best available levels for use

as boundary conditions of the OTSG secondaries during thermal-hydraulic
analysis of the accident.
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APPENVIX A
SUPPORTING CALCULATIONS FOR
OTSG MEASUREMENT ANALYSIS

Pressure Orop Across Steam Aspirator

The B&W Once-Through Steam Generator (0TSG) uses a steam aspirator to
preheat the subcooled feedwater in the downcomer section before the
feedwater enters the riser section of the 0TSG. This system is shown
sChematically in Figure A-1. In order to compare the level measurements in
the downcomer and the riser sections, knowledge of the pressure drop across
the aspirator openiny is required. Calculation of the pressure drop
requires knowledge of the steam mass flow rate from the riser into the
downcomer, M .. 0- This flow rate can be calculated from knowledyge of
the feedwater flow rate and temperature, and a mass and eneryy balance.

The values of pertinent parameters for the initial condition prior to the
feedwater pump trip are listed in Table A-1. Using the nomenclature shown
in Figure A-1, the mass and energy balances can be performed as follows.

Mass Balance

The total mass flowing through the adjustable downcomer orifice, and
into the riser section, LI is the sum of the feedwater flow rate,
Raed® and the steam mass flow rate through the aspirator, M team® 355

Ror = Meed * steam (a-1)

Energ] Balance

The total energy flow through the downcomer orifice into the riser can
be obtained from the individual mass flow rates and the enthalpies for each
fluid tlow (assuming saturated steam flow throuyh the aspirator and
saturated liquid flow through the orifice). This can be written as;




Aspirator
AN —

Y =

steam —

Riser Section

Downcomer
Secton_

4
|

Adjustable E

Downcomer Orifice

Figure A-1. Schematic of Lower OTSG.
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TABLE A-1. SUMMARY OF UTSG INITIAL CONDITIONS CALCULATIUNS
Parameter A-Loop 0TSG B-Loop 0T>6
Pressure (MPa)d 6.38 6.24
Saturated Properties
Temperature (K) 552:7 55).3
Enthalpy-steam(MJ/kg) 2.7806 2.7822
Enthalpy-1iquid(MJ/kg) 1.2348 1.2271
Uensity-steam (kg/ ms 32.97 32.17
Uensity-liquid (kg/m’) 751:3 753.9
Feedwater
Mass flow rate (xg/s) 722.4 717.6
Temperature (K) 513.2 513..2
tnthalpy (MJ/kg) 1.0382 1.0382
Levels (cm)
Vowncomer 660.0 668.7
Riser 525.8 538.3
vowncomer Orifice Parameters
Pressure drop (kPa) 9.45 9.22
Loss coefficient 1.483 1.457
Mass flow rate (xg/s) 814.3 8v4.8
Exhaust Steam
Temperature (K) 580.1 585.5
Enthalpy (MJ/kg) 2.9019 2.9045
Secondary Power (Mw) 1,346 1,339

a. The pressure given is the average (-10 - -U.l min.) absolute pressure
measured at the steam line and recorded on the reactimeter.
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Mor hf = Msteam hg * Mfeed hfeed (A-2)

where

h = the enthalpy of saturated liquid leaving the downcomer,
obtained from the steam tables using the secondary
pressure (MJ/kg)

h = the enthalpy of saturated steam entering the downcomer
through the aspirator, obtained from the steam tables
using the secondary pressure (MJ/kg)

hfeed = the enthalpy of the subcooled feedwater liquid from the

steam tables using the measured feedwater temperature
and the secondary pressure (MJ/kg).

Steam Flow Rate

Equation (A-1) and Equation (A-2) can be solved for the steam mass
flow rate through the aspirator, resulting in;

= ("t~ Mfeed) + m : (A-3)
(hg - hf) feed

m
steam

Substituting the initial condition values of the enthalpies into Equation
(A-3) results in;

Msteam = U.127 * mfeeq

Pressure Urop Across Aspirator

Knowing the mass flow rate through the aspirator, the pressure drop
across the aspirator can be calculated. The pressure drop, DPa
expressed as;

S’ can be
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) .
P 8 - .
v as 2 k/vg (mstedﬂl/AdS)‘ (A‘4)

where
[N s tne loss coefticient for the aspirator (nondimensional)
= 1.95 (from Reference A-1)
° = the steam density (kg/m3)
Aas = the area of the aspirator (mz)

il
0.972 m“ (from Reference A-1).

Substituting the steam mass flow rate and the initial condition parameter
values for the A-loop OTSuL from Table A-1 into Equation (A-4) results in a
value fur the pressure drop across the aspirator of;

uPds = /04 Pa = 2.7 cm of water at 4°C.

This pressure drop should be insignificant in tne comparison of the
downcomer and riser levels.

ODowncomer Oritice Loss Coefficient

Installed in the bottom of the O0TSG downcomer is an adjustable
orifice. This orifice 1s comprised of two concentric plates, each with /24
rectangular holes of 10 x 21.6 cm (4 x 8 1/2 inch) dwmensions. Tne upper
plate is movable relative to the lower plate, thus the orifice flow area is
adjustable. The purpose ot this variable area is to allow adjustment of
the pressure drop across the orifice, and thus the downcomer level, to
increase system stabfility at full power operation. The adjusted position
existing at the time of the accident 1s unknuwn. However, the orifice

position was initially set during fabrication to an openiny size of
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10 x 10.8 cm (4 x 4 1/4 1'nch).A-2 In the following analysis this opening
size will be used to calculate the flow area, and a loss coefficient
calculated based upon this flow area (AOr = 0.2632 mz) and the measured
parameters. The methodology is to use the difference in the initial
downcomer and riser levels as the differential pressure across the orifice,
and combining with the total orifice mass flow rate, Mors calculated from
Equation (A-1). The loss coefficient, K, is defined by Equation (A-3),
which can be solved to obtain;

K2 ®op® OP (A-5)

. 2
("5r/Aor)

where the differential pressure across the orifice, Dpor’ is obtained

from the difference in the initial riser and downcomer levels, LR and

Lys DY;

) g (L - L) . (A-0)

np = (Df - P

or g

The initial values of Upor for both O0TSGs are tabulated in Table A-1.
Using these values and the other initial conditions in Equation (A-5)
results in the loss coefficient values tabulated in Table A-1.
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